Bispecific antibodies, which simultaneously target CD3 on T cells and tumor-associated antigens to recruit cytotoxic T cells to cancer cells, are a promising new approach to the treatment of hormone-refractory prostate cancer. Here we report a site-specific, semisynthetic method for the production of bispecific antibodylike therapeutics in which a derivative of the prostate-specific membrane antigen-binding small molecule DUPA was selectively conjugated to a mutant αCD3 Fab containing the unnatural amino acid, p-acetylphenylalanine, at a defined site. Homogeneous conjugates were generated in excellent yields and had good solubility. The efficacy of the conjugate was optimized by modifying the linker structure, relative binding orientation, and stoichiometry of the ligand. The optimized conjugate showed potent and selective in vitro activity (EC 50 ∼100 pM), good serum half-life, and potent in vivo activity in prophylactic and treatment xenograft mouse models. This semisynthetic approach is likely to be applicable to the generation of additional bispecific agents using drug-like ligands selective for other cell-surface receptors.
Bispecific antibodies, which simultaneously target CD3 on T cells and tumor-associated antigens to recruit cytotoxic T cells to cancer cells, are a promising new approach to the treatment of hormone-refractory prostate cancer. Here we report a site-specific, semisynthetic method for the production of bispecific antibodylike therapeutics in which a derivative of the prostate-specific membrane antigen-binding small molecule DUPA was selectively conjugated to a mutant αCD3 Fab containing the unnatural amino acid, p-acetylphenylalanine, at a defined site. Homogeneous conjugates were generated in excellent yields and had good solubility. The efficacy of the conjugate was optimized by modifying the linker structure, relative binding orientation, and stoichiometry of the ligand. The optimized conjugate showed potent and selective in vitro activity (EC 50 ∼100 pM), good serum half-life, and potent in vivo activity in prophylactic and treatment xenograft mouse models. This semisynthetic approach is likely to be applicable to the generation of additional bispecific agents using drug-like ligands selective for other cell-surface receptors.
antibody engineering | immunotherapy P rostate cancer is the second most common cancer in men in the United States with more than 28,000 prostate cancerspecific deaths and 240,000 newly diagnosed patients in 2012 (1) . Although surgery, radiation, and antiandrogen therapies are increasingly effective, the disease often progresses to hormonerefractory prostate cancer and metastasis resulting in a very poor prognosis (1-2 y of median overall survival after tumor relapse) (2, 3) . Recently, there has been increased interest in the use of antibody-drug conjugates to deliver cytotoxic drugs selectively to prostate cancer cells (4) . Immunotherapeutics that target tumorassociated antigens such as prostate-specific antigen, prostate acid phosphatase, and prostate-specific membrane antigen (PSMA) provide an alternative strategy to kill prostate cancer cells selectively while minimizing the collateral damage to other normal tissues (5) (6) (7) (8) (9) . Bispecific antibodies that bind both T-cell surface antigen (CD3) and tumor-associated antigens can recruit endogenous cytotoxic T cells to cancer cells, resulting in specific T-cell activation and cancer cell death (10) . Bispecific antibodies also may kill heterogeneous tumor or quiescent cancer stem cells through a bystander effect, as well as drug-resistant tumors with up-regulated drug pumps (11, 12) . Indeed two bispecific antibodies, catumaxomab (αEpCAM/αCD3) and blinatumomab (αCD19/αCD3), have shown impressive results in the treatment of malignant ascites and refractory acute lymphoblastic leukemia, respectively (13, 14) .
Although bispecific antibodies are generating a great deal of interest, current technologies for their production still face challenges. For example, recombinant single-chain variable fragment (scFv) formats can have poor physical properties and short plasma half-lives, and some hybrid IgG constructs show an immunogenic response because of the development of human anti-mouse antibodies or human anti-rat antibodies in patients (15) . Alternatively, the generation of bispecific antibodies by semisynthetic methods, in which independently expressed antibodies are chemically crosslinked, may provide a number of advantages compared with genetic methods. For example, unlike the fixed direction of N→C genetic fusions, semisynthetic methods allow more freedom to alter the orientation and distance of the two antigen-binding moieties of bispecific antibodies to optimize their efficacy. However, conventional chemical approaches that use lysine or cysteine chemistry tend to yield heterogeneous products which likely differ in their ability to accommodate productive geometries for the formation of immunological synapses and/or have reduced stability or half-life in vivo (16) . Previously, we reported a semisynthetic method in which an unnatural amino acid with orthogonal chemical reactivity was introduced genetically at a desired site in antibody fragments (Fabs) and then derivatized site-specifically with heterobifunctional cross-linkers to generate homogeneous, chemically defined bispecific antibodies (17) . In an effort to explore further semisynthetic approaches to generate bispecific therapeutics, here we report a method of producing hybrid antibodysmall molecule conjugates with activities similar to those of bispecific antibodies. Specifically, a synthetic small molecule ligand, 2-[3-(1, 3-dicarboxy propyl)-ureido] pentanedioic acid (DUPA), that selectively binds PSMA (18) was used as the cancer-targeting moiety and was conjugated to an αCD3 Fab. The ability to incorporate the unnatural amino acid selectively at defined sites allowed us to optimize the conjugation site and stoichiometry of the antibody-small molecule conjugate. Our lead molecule showed potent in vitro cytotoxicity (EC 50 ∼100 pM) against PSMA + prostate cancer cells in the presence of human peripheral blood mononuclear cells (hPBMCs), had significantly
Significance
We have developed a semisynthetic method for the production of bispecific antibody-like therapeutics consisting of a small molecule targeting moiety conjugated to an antibody. A highly selective prostate-specific membrane antigen-binding ligand was site specifically conjugated to a mutant α cluster of differentiation 3 (αCD3) Fab containing an unnatural amino acid with orthogonal chemical reactivity. The optimized conjugate showed potent in vitro activity, good serum half-life, and potent in vivo activity in prostate cancer xenograft mouse models. This semisynthetic approach is likely to be applicable to the generation of additional bispecific agents using drug-like ligands selective for other cell-surface receptors. improved pharmacokinetics compared with the unconjugated Fab, and was efficacious in mouse xenograft models.
Results and Discussion
Design and Synthesis of Bispecific Antibody-Small Molecule Conjugates. Homogeneous but highly restricted expression of tumor-associated antigens is critical to the success of targeted immunotherapies. PSMA, also known as glutamate carboxypeptidase II or N-acetyl-L-aspartyl-L-glutamate peptidase I, is an excellent cell-surface target for prostate cancer because its expression is up-regulated throughout all stages of prostate cancer progression and is highly restricted to prostate cells, with very low levels of expression detectable in other tissues (19) . Indeed, several αPSMA monoclonal antibodies have been used as vehicles for the targeted delivery of cytotoxic agents including radioactive isotopes, small molecules, and protein toxins (4, 20, 21) . A series of small molecule PSMA inhibitors with high affinity (in the low nanomolar range) and selectivity also have been explored for selective lysis or imaging of PSMA + prostate cancer cells (18, 22, 23) . Because of their small size, such small molecule-based targeting agents (peptides, vitamins, and substrate analogs) have better tumor penetration than antibodies (24) . They also are amenable to extensive chemical modification and can be derivatized easily with other molecules, including proteins. Among several small molecule inhibitors of PSMA, we chose an urea-based inhibitor, DUPA, because of its high affinity (K i = 8 nM) and selectivity for PSMA. DUPA was modified with a short (P-Tet; 1) and a longer (P-Und; 2) ethylene glycol linker to determine the best chain length to bind the deep binding pocket of PSMA. Also, based on a previous report of a second arene-binding motif near the active site of PSMA, we synthesized two additional linkers, P-Phthal (3) and P-DNP (4), containing 1,4-dicarboxylic and 1,3-dinitro substituted phenyl moieties, respectively, in an effort to increase binding affinity further ( Fig.   1A ) (25) . All the DUPA-linker conjugates have aminooxy groups at their termini that form a stable oxime bond with ketone group. To evaluate their activity, the inhibition constant (K i ) of each compound was measured using purified PSMA enzyme (R&D Systems) and its substrate, N-acetylaspartylglutamic acid. This analysis revealed that the incorporation of an electron-deficient aromatic group in the linker (P-DNP; 4) resulted in a 100-fold increased inhibitory activity (K i = 0.087 nM) relative to free DUPA. The shorter unsubstituted ethylene glycol linker P-Tet (1; K i = 0.90 nM) bound more tightly than P-Phthal (3; K i = 2.5 nM), whereas P-Und (2; K i = 17 nM) showed significantly reduced activity (Fig. S1) .
To conjugate the DUPA-linker moiety to an anti-CD3 antibody, we expressed a mutant αCD3 Fab, UCHT1, in which the unnatural amino acid, p-acetyl phenylalanine (pAcF) was substituted for the heavy-chain residue K138 (HC K138) (26, 27) . A humanized αCD3 antibody, UCHT1 reduces immunogenicity, and its ability to retarget cytotoxic T cells efficiently has been demonstrated in a bispecific antibody format (17, 28) . A ketone functional group in pAcF ensures selective modification of the UCHT1 Fab with aminooxy-derivatized DUPA. The position of the unnatural amino acid was chosen based on the known crystal structure of an antibody in the same class (Herceptin Fab, IgG1 κ-light chain) (29) . HC K138 is distal to the antigen-binding site, and is surface exposed to ensure efficient conjugation with small molecules. Specifically, a plasmid (pBAD_UCHT1_HC-138X, X = TAG) harboring the light-and heavy-chain genes of the antibody following an stII signal sequence was cotransformed into Escherichia coli DH10B strain with a plasmid (pULTRA_pAcF) harboring an orthogonal Methanocaldococcus jannaschii tRNA/tyrosyl-tRNA synthetase (Mj-TyrRS) pair, which was evolved to incorporate pAcF selectively in response to the amber nonsense codon (30) . The expression levels of the mutant Fab (∼2 mg/L in a shaker flask) were comparable to those of the wild-type Fab after purification using affinity chromatography (Protein G; GE Healthcare). The purified mutant anti-CD3 Fab (2 mg/mL) was conjugated to each DUPA-linker compound (100-fold molar excess) by selective formation of a stable oxime bond under somewhat acidic conditions (100 mM NaOAc, pH 4.5); liquid chromatography-mass spectrometry (LC-MS) showed >95% coupling efficiency within 24 h. The excess DUPA-linker compounds were removed by size-exclusion methods yielding highly homogeneous conjugation products as determined by SDS/PAGE and LC-MS characterization (SI Materials and Methods). No protein aggregation was observed during the reaction and purification steps even at higher concentrations (>10 mg/mL), indicating that conjugation of DUPA-linkers did not alter the solubility of the Fab significantly. The same procedure was used to prepare the antibody conjugates P-Tet-HC-138-αCD3 (5), P-Und-HC-138-αCD3 (6), P-Phthal-HC-138-αCD3 (7), and P-DNP-HC-138-αCD3 (8) 1C ). In contrast, the assay with C4-2 cells revealed different binding affinities for the different conjugates, as expected based on the different affinities of the DUPA-linker moieties. Interestingly, P-Und-HC-138-αCD3 (6), which contains the linker with lowest affinity in the previous assay, bound more tightly than P-Tet-HC-138-αCD3 (5), likely because of the deep ligand-binding pocket of PSMA (31) . As expected, P-DNP-HC-138-αCD3 (8) again showed the highest affinity, followed by P-Phthal-HC-138-αCD3 (7) (Fig. 1C) . These results underscore the value of optimizing conjugate affinity by modifications to the small molecule component of these hybrid bispecifics.
Effect of Conjugation Site and Stoichiometry. The recombinant incorporation of unnatural amino acids not only allows us to modify antibodies site specifically; it also allows the facile generation and evaluation of various antibody conjugates with different relative geometries ( Fig. 2A) (32) , which may affect the formation of an optimal pseudoimmunological synapse. Therefore, in addition to HC K138X, we chose three additional sites [light-chain (LC) T109X, LC S202X, and HC A123X], all of which are distal to the antigen-binding site, for conjugation of DUPA-linkers based on the crystal structure ( Fig. 2A) , and expressed mutant antibodies 
to afford P-Phthal-LC-109-αCD3 (9), P-Phthal-LC-202-αCD3 (10), and P-Phthal-HC-123-αCD3 (11) . The resulting conjugates were tested for binding to CD3 and PSMA by flow cytometry. Because each conjugation site is distal from the antigen-binding site of the anti-CD3 antibody, they showed binding similar to CD3
+ Jurkat cells, as expected (Fig. 1C) . Interestingly, however, when we repeated the binding assay with C4-2 cells, the HC A123 conjugate showed decreased binding to C4-2 cells, whereas the other three conjugates (LC T109 and S202 and HC K138) bound C4-2 cells with similar affinity. This result clearly shows that the conjugation site affects ligand binding (Fig. 2B) .
Previous reports indicate that a higher antigen affinity correlates to enhanced cytotoxicity of bispecific antibodies (33) . Therefore, we also conjugated two DUPA ligands to each αCD3 Fab so that the bivalent ligand can bind the PSMA homodimer with high avidity (34) . To synthesize a bivalent Fab, we introduced TAG codons at two different positions (LC S202 and HC K138), and the double mutant was expressed and purified as described above. Notably, the expression levels were comparable to those of other single mutants and the wild-type antibody that were previously expressed. The double-mutant antibody was conjugated with P-Phthal (3) or P-DNP (4) as described above. LC-MS analysis revealed that the reaction was complete within 48 h, yielding the bivalent conjugates, P-Phthal-double-αCD3 (12) and P-DNP-double-αCD3 (13) . After purification, the structures were confirmed by SDS/PAGE and LC-MS (SI Materials and Methods). Binding of the bivalent conjugates to C4-2 cells then was assessed (together with monovalent conjugates) using high-throughput flow cytometry (Fig. 2C) . A significant improvement was observed in binding affinity (>60-fold) for the bivalent P-Phthal-double-αCD3 (12) compared with the monovalent P-Phthal-HC-138-αCD3 (7). Interestingly, P-DNPdouble-αCD3 (13) did not show significant improvement over its monovalent equivalent P-DNP-HC-138-αCD3 (8), which already had high affinity. The enhanced binding affinity of P-Phthaldouble-αCD3 (12) was particularly encouraging because, despite the high affinity of the DNP group, its known high immunogenicity might limit its use in vivo (35) .
In Vitro Cytotoxicity of αPSMA/αCD3 Conjugates. We next compared the in vitro cytotoxicity of various αPSMA/αCD3 conjugates. Freshly purified hPBMCs were mixed with C4-2 (PSMA + ) cells at a 10:1 ratio (100,000 and 10,000 cells, respectively) and were incubated with each conjugate for 24 h. A 1:1 mixture of wildtype UCHT1 Fab and the DUPA-linker conjugate (P-DNP, 4) was used as a negative control. Cytotoxicity was determined by measuring lactose dehydrogenase (LDH) released from lysed target cells (36) . As shown in Fig. 3A , each of the conjugates, with the exception of P-Phthal-HC-123-αCD3 (11), which bound C4-2 cells poorly in the previous assay, showed dose-dependent cytotoxicity. P-Phthal-LC-109-αCD3 (9) showed reduced cytotoxicity (EC 50 ∼4.1 nM) compared with P-Phthal-LC-202-αCD3 (10) and P-Phthal-HC-138-αCD3 (7) (EC 50 ∼0.4 nM and ∼0.5 nM, respectively), although all had similar affinities in the binding studies. Finally, P-Phthal-double-αCD3 (12) showed the highest cytotoxicity (EC 50 ∼0.1 nM) compared with the monovalent constructs. No cytotoxicity was observed even at the highest concentration measured with the unconjugated DUPAlinker and UCHT1 Fab mixtures. Taken together, these results imply that both the affinity and the geometry of the bispecific binding significantly affect cytotoxicity. Based on the binding and in vitro cytotoxicity assays, we chose P-Phthal-double-αCD3 (12) (hereafter referred to as "PSMA-targeting small molecule antibody conjugate," P-SMAC) for further characterization.
We confirmed the specificity of the P-SMAC molecule for PSMA-expressing cells in vitro using PSMA − DU145 cells in the same cytotoxicity assay. No cytotoxicity was observed with DU145 cells in the presence of hPBMCs, regardless of the conjugation status or concentrations of the constructs (Fig. 3B) . Furthermore, a dose-dependent increase in TNF-α levels in the supernatant was observed only in the presence of C4-2 cells, indicating specific activation of T cells after the formation of a pseudoimmunological synapse between C4-2 and T cells (Fig. 3C) (37) . The rosette morphology that is evident upon synapse formation was observed clearly only in the presence of the P-SMAC with C4-2 cells (Fig. S2) . We also showed that the competitive inhibitors, 2-phosphonomethyl pentanedioic acid and αCD3 Fab, can inhibit the cytotoxicity of P-SMAC against C4-2 cells significantly, confirming that simultaneous binding to two antigens is crucial for the activity of the bispecific conjugate. Finally, P-SMAC itself showed no cytotoxicity against C4-2 cells in the absence of hPBMCs (Fig. 3D) .
In Vivo PK and Antitumor Activity. We first evaluated the pharmacokinetics of the P-SMAC. Male Sprague-Dawley rats (Charles River Laboratories) were injected i.v. at time 0 with 1 and 5 mg/kg P-SMAC or 0.5 mg/kg of the unconjugated UCHT1 Fab. Blood was collected at regular intervals to 32 h and was processed to measure drug concentrations using a sandwich-ELISA (see SI Materials and Methods for the detailed procedure). Interestingly, the P-SMAC showed significantly improved circulating half-life (∼5-6 h) compared with the unconjugated Fab (∼1 h), perhaps because of the increased overall hydrophobicity of the Fab after conjugation (Fig. S3) (38, 39) . Of note, P-SMAC has an improved serum half-life relative to small bispecific scFvs such as bispecific T-cell engagers, which have a half-life of ∼2 h in humans, despite their similar molecular weight (∼50,000 Da) (40, 41) . The small size of the P-SMAC also may be advantageous for penetrating solid tumors (42) . We next established a mouse xenograft model to evaluate the in vivo efficacy of the P-SMAC. Immunodeficient NOD/SCID mice (from The Scripps Research Institute breeding colony) were s.c. injected with a mixture of 1 × 10 6 C4-2 cells and 2 × 10 6 hPBMCs in Matrigel (BD Bioscience). After 4 d, treatment was initiated by injecting 2 mg/kg of drug via the tail vein and was continued daily for 10 d (n = 6). In a control group, mice were injected with an unconjugated mixture of P-Phthal (3) and UCHT1 wild-type Fab, and in another control group mice were injected with vehicle alone (n = 6). Tumor growth was monitored by external caliper measurement. The two control groups showed tumor outgrowth approximately 2 wk after implantation. However, the treatment group did not develop any palpable tumors for up to 6 wk, at which time all the mice in the other two groups had to be euthanized because of the large tumor sizes (Fig. 4A) .
Having demonstrated prophylactic efficacy with the P-SMAC, we next carried out a xenograft model in which we delayed treatment until we observed the formation of a palpable tumor. In this treatment study, we used NOD/SCID-γ mice (Jackson Laboratory), which are known to be more suitable for immune reconstitution with human-derived cells. On day zero, 1 × 10 6 C4-2 cells in Matrigel were s.c. injected, and after 3 d 20 × 10 6 hPBMCs were separately injected into the peritoneal cavity. This separate injection of hPBMCs allows further assessment of the capability of the P-SMAC to redirect T cells from the periphery to the site of tumor. Palpable solid tumors (∼200 mm 3 ) were formed in mice approximately 2 wk after tumor implantation. Before starting treatment, ex vivo-expanded T cells (20 × 10 6 cells per mouse) from the same donor were i.p. injected in all groups, further supplementing the effector cell pool. Two days later, we started treatment via tail-vein injection with 1 mg/kg P-SMAC for 10 d (n = 9). Shortly after treatment was initiated, tumor shrinkage was observed in the P-SMAC group, whereas the vehicle group (n = 8) again showed rapid tumor outgrowth. After 10 d treatment was stopped, tumor growth was monitored for an additional 10 d, during which no significant tumor regrowth was observed in the treatment group. These results demonstrate that the P-SMAC is efficacious against established tumors in mice (Fig. 4B) . During the experiment, no overt toxicity or body weight loss was observed in mice in any group (Fig.  S4) . Histology also confirmed the formation of solid tumors with high mitotic rates in mice from the control group, whereas only residual tumor cells with low mitotic rates were detected in the treatment group (Fig. S5) .
Conclusion
The genetic incorporation of the unnatural amino acid pAcF, which is orthogonal to the canonical 20 amino acids in its chemical reactivity, makes it possible to generate antibody conjugates with medicinal chemistry-like control over structure. As a consequence, one can begin to optimize the efficacy of the conjugates by modifying the relative orientation and distance of the two antigenbinding sites in bispecific antibodies. We used this methodology to synthesize a PSMA-targeting small molecule-antibody conjugate (P-SMAC), which consists of a bivalent PSMA-binding molecule, DUPA, conjugated to the humanized αCD3 antibody Fab UCHT1. P-SMAC has potent (EC 50 ∼100 pM) and selective in vitro cytotoxic activity against the PSMA + prostate cancer cell line C4-2 in the presence of hPBMCs. P-SMAC also demonstrated good solubility and serum half-life and has potent in vivo antitumor activity in mouse xenograft models.
The use of pAcF offers a number of advantages for constructing these hybrid antibody conjugates. It can be incorporated at a large number of sites throughout the antibody [and at multiple sites (30) ], affords excellent one-step conjugation yields, and results in a linkage that is very stable under physiological conditions. Indeed, we show that changes in conjugation site and linker structure can affect SMAC activity significantly. Recently, Rader and co-workers reported a site-specific method of antibody conjugation relying on selenocysteine (Sec) that is cotranslationally introduced into antibody molecules (43) . The superior nucleophilicity of Sec, relative to the common 20 amino acids at physiological pH, enables selective modification of antibodies with electrophiles. However, Sec incorporation is limited to the C terminus of proteins (TAG suppression for Sec requires the Sec insertion sequence near the 3′ UTR), thus restricting the variation in potential conjugation sites. Moreover, this approach requires reduction of Sec by reducing agents such as DTT before conjugation, and this reduction can affect multiple disulfide bonds in antibodies and decrease overall yields.
Antibody drug conjugates and bispecific antibodies allow the selective targeting of potent small molecule toxins or cytotoxic T cells to a tumor of interest. Although antibodies can bind to certain target epitopes with high affinity and selectivity, some potential cancer cell-associated antigens, including enzymes, ion channels, G protein-coupled receptors, integrins, and cytokine receptors, also are bound selectively and with high affinity by small molecules. Thus, the ability to target these epitopes with hybrid small molecule ligand-antibody conjugates could be advantageous. In this regard, the small molecule DUPA, which binds to the PSMA active site, coupled to a T cell-recruiting anti-CD3 antibody provides a relevant proof of concept for this small molecule-antibody bispecific format. Indeed P-SMAC is functionally analogous to an antibody with two antigen-binding sites and one effector function. This architecture likely can be generalized to other noncancer targets and effector functions as well. For example, small molecule ligands that can bind specifically to pathogenic bacteria or fungi can be conjugated to Fc receptor-binding antibodies (e.g., anti-CD16b, anti-CD64, anti- CD89, among others) to recruit specific subsets of immune effector cells such as macrophages and neutrophils for the induction of phagocytosis and microbe killing. Finally, our simple (one-step conjugation and purification) and high-yielding (>90%) semisynthetic approach also is suitable for combinatorial synthesis of diverse bispecific antibodies to screen quickly for optimal combinations of both the target-and effector cell-binding components.
Materials and Methods
For in vitro cytotoxicity assays, PBMCs were purified from fresh healthy human donor blood (from The Scripps Research Institute normal blood donor service) by conventional Ficoll-Hypaque gradient centrifugation (GE Healthcare). Purified PBMCs were washed and incubated in flasks in RPMI medium with 10% (vol/vol) FBS for 1 h to remove any adherent cells. C4-2 (PSMA RPMI with 10% (vol/vol) FBS and were incubated with different concentrations of conjugated and unconjugated Fabs (10 μL in medium) for 24 h at 37°C. Cytotoxicity of each well was measured for LDH levels in supernatant using the Cytotox-96 nonradioactive cytotoxicity assay kit (Promega). Lysis solution provided in the same kit (10 μL) was added to wells containing only target cells to achieve the maximum killing, and spontaneous killing was measured in wells with effector and target cells treated with vehicle (10 μL PBS). The absorbance at 490 nm was recorded using a SpectraMax 250 plate reader (Molecular Devices Corp.). Percent cytotoxicity was calculated by:
% cytotoxicity = (absorbance experimental − absorbance spontaneous average)/ (absorbance maximum killing average − absorbance spontaneous average).
